The local, time-varying and time-averaged suspended sediment transports across a marine, non-barred shoreface were obtained from field measurements of the near-bed velocity and sediment concentration vectors using electromagnetic current meters and optical backscatterance suspended solids sensors. Co-spectral analyses of velocity and sediment concentration revealed the contributio;,s of waves of different frequencies to the total transport; the transport attributable to quasi-steady currents was determined from the produ:t of the time-averaged cross-shore velocity and sediment concentration. Estimates of the local, time-integrated sediment volume flux (total and net) and the associated erosion or accretion were determined using depth-of-activity rods.
Introduction
The sediment transport processes responsible for maintaining equilibrium profiles on both nonbarred and barred shorefaces remain poorly defined. Theory, which suggests that sediment transport on non-barred beaches is controlled by a simple balance between some perturbation in the domin~tnt oscillatory velocity field a~ld gravitational constraints is in qualitative agreement with
Correspondence to: B. Greenwood, University of Toronto, Scarborough College Coastal Res. Gr., Department of Geography, 1265 Military Trail, Scarborough, Ont. M1C IA4, Canada. observed sediment behaviour (e.g. Bagnold, 1963 Bagnold, , 1966 Bowen, 1980a,b; Bailard, 1981 ~. However, this explanation is complicated by a nearshore velocity field composed of temporally and spatially varying oscillatory and quasi-steady components (e.g. Greenwood and Osborne, 1990a) . The frequency distribution of cross-shore velocity vectors at a point, for example, is typically non-Gaussian, characterized by a non-zero mean and a marked skewness (e.g. Guza and Thornton, 1985; Doering and Bowen, 1985; Doering, 1988; Greenwood and Osborne, 1990b) . Mere importantly, sediment concentrations near the bed respond in a rather complex way to changes both in the instantaneous velocity (e.g. Huntley and Hanes, 1987; Doering and Bowen, 1989; and the form of the bottom boundary (e.g. lnman and Bowen, 1963; Sleath, 1982; Nielsen et al., 1979 Nielsen et al., , 1982 . Peaks in sediment concentration appear to be associated with individual wave cycles, wave groups Greenwood et al., , 1991a Osborne et al., 1990 ) and low frequency waves (Hanes and Huntley, 1986; Beach and Sternberg, 1988; Osborne et al., 1990) , but no simple correlation with wave or current motion has emerged. Direct field measurement of sediment transport rates are urgently required to resolve the relative contributions of the various mechanisms proposed to the sediment transport maintaining a shoreface profile in quasi-equilibrium.
The aims of this paper are: (I) to identify crossshore suspended sediment transport mechanisms; (2) to define their relative importance in controlling the net cross-shore flux of sediment; and (3) to relate the net flux to observed morphological changes in a marine, non-barred shoreface. Rapid response sensors were used d,ring a storm to obtain field measurements of the near-bed, crossshore velocity and the suspended sediment concentration necessary to calculate local, time-varying fluxes of suspended sediment. Time-integrated sediment volume fluxes and local scour and accretion patterns were also determined for comparison with the measured net sediment transport rates and to document the morphological response to the sediment transport.
Location of study
Data for this study were collected from a nonbarred, marine nearshore environment during a field experiment conducted at Queensland Beach, Nova Scotia, Canada (Fig. I ), as part of the C-COAST Programme (see Greenwood et ai., 1990 Greenwood et ai., , 1991a . Situated at the head of St. Margaret's Bay, the beach is exposed to the Atlantic Ocean through a narrow opening that substantially restricts the directional spread of the incident wave field. The shoreface is relatively steep and concave upwards (slope~0.!0 near the shoreline, decreasing to a slope~0.03 further offshore-- Fig. 2 ). It is composed of fine-to-medium, moderately sorted sand (Table !) butions are negatively skewed, a characteristic of wave-winnowed sediments (Greenwood and Davidson-Arnott, 1972 ). The Bay is meso-tidal (range~,2 m at springs) and experiences periods of moderate, wind-forced waves (Hs=0.5-2.0 m; Tpk=4-8 S) followed by periods of long-crested swell.
Instrumentation and measurements

Wind
Wind speed and direction were measured at the beach face with a Beaufort anemometer and wind vane.
Water surface elevations
Waves and mean water surface elevations were measured using piezo-resistive strain gauge transducers (Hazen et al., 1989) ; the transducers respond linearly and were calibrated in a 30 m deep tank using a Paroscientific Digi-quartz pressure transducer/computer (see Hazen et al., 1989) . Pressure data were not corrected for effects of depth attenuation as these were negligible for the depths incurred in this study. I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I   0  20  40  60  80  100  120  140  160  180  200  220   -14 DISTANCE FROM BASELINE (m) Fig. 2 . Shoreface profile and sensor deployment. Note: EMAD i-3 are underwater analogue-to-digital converters and digital transmission packages: they also distribute power to the sensors.
Velocity
The horizontal components of the shore-normal and shore-parallel velocity were measured with Marsh-McBirney Inc. biaxial electromagnetic current meters (Model OEM 512). These were calibrated by towing at a number of speeds in both the positive ~nd negative directions; the gain was determined from a first-order, least squares regression of the sensor output. Zero offsets were checked in still water in the field both before and after deployment, as well as during calm conditions while deployed. Current records were also corrected for errors in gain and phase introduced by the output filter characteristics of the standard OEM 512 electronics (see Guza et al., 1988, and Doering, 1988 for discussion).
Suspended sediment concentration
High resolution time-series of suspended sediment concentration were obtained using optical backscatterance suspended solids sensors (OBS-! P; Downing et al., 198 !; Downing, 1983; D and A Instruments and Engineering, 1988) . Each OBSl P sensor was calibrated in a sediment recirculating facility using sand from the respective field deployment locations. Linear correlations accounted for upwards of 95% (usually > 99%) of the variance in the time-averaged analogue signal output over ranges of sediment concentration from 0.5 to 30 g 1-1 . Although the relative variance does not increase systematically with concentration for a given sensor, those sensors with higher gains appear to be more responsive to large magnitude short period fluctuations in concentration, even after calibration (Osborne, 1990 ). This implies a nonlinear response to "concentration fluctuations" even though time-averaged calibrations are linear; care was taken to collocate sensors with similar response characteristics. Preliminary results from laboratory and field crosscalibrations between the OBS-I P and a 2.25 MHZ acoustic backscatter suspended sediment profiler have revealed signal responses that are temporally coherent and highly correlated . This similarity in response to concentration fluctuations gives credibility to both sensors. The OBS-1P offset is, however, affected by backscatter from both organics and bubbles. Non-stationarity in the field offset prevented direct application of the laboratory offsets and therefore "clear water" offsets were determined from repetitive field measurements under calm conditions. The OBS-IP data were low-pass filtered in the frequency domain to remove high frequency noise (!.5-2.0 Hz) which appeared occasionally in the OBS signals (e.g. at the 60 m station) and to reduce the magnitude of large amplitude, short duration fluctuations (spikes) in some of the data which were uncorrelated with concentrations at other elevations. These "spikes" were often associated with the presence of organics in the water column (confirmed by video and diver observations). However, the filter also reduced the amplitudes of local, high frequency fluctuations in sediment concentration; such fluctuations are observed in calibration timeseries.
Morphodynamics and sediment volume flux
Large-scale changes in beach morphology to depths < 2 m were measured using either a level and staff or an OMNI Total Station. Survey lines were oriented normal to a baseline and spaced 15 m apart to the north and south of the shorenormal sensor transect. A Raytheon Fathometer (Model DE719) was used to record shore-normal profiles extending offshore to approximately 400 m. The transducer position was fixed by triangulation and water depths were corrected for the transducer depth below water level; all survey points were reduced to a common benchmark at coordinates 0,0 on the survey grid.
Pre-and post-storm measurements from a grid of depth-of-activity rods provided greater resolution of morphological changes. The rods also provided measures of depth-of-activity, timeintegrated total (ITVF) and net (INVF) sediment volume flux, and were used to examine the balance of sediment in a shoreface control volume for individual storm events (Greenwood and Hale, 1980, p. 91, fig. 7.2; Greenwood, 1987 Greenwood, , pp. 1124 Greenwood, -1125 . The control volume was determined by taking the areal extent of the rod grid and multiplying by a arbitrary depth of 0.50 m. The latter is a conservative depth for potential "re-activation". Depth-of-activity rods also indicate limits to the relative displacement of sensors above the bed during the storm (e.g. Greenwood and Sherman, 1988; Greenwood and Osborne, 1988) .
Sensor deployment
Four sediment transport stations were located respectively 60, 70, 90, and 100 m offshore from the baseline close to the upper limit of the foreshore. Each transport station ( (Fig. 2 ).
An underwater video camera was deployed at the 90 m station to record bedforms and sediment re-suspension on a semi-continuous basis during daylight hours. Si.~ilar observations were made at the remaining stations by SCUBA divers whenever conditions permitted.
Data acquisition and analytical techniques
All electronic sensors were hardwired to analogue-to-digital conversion and transmission packages (EMAD, Fig. 2 ). During transport events, output signals were recorded at 4 Hz essentially continuously, being interrupted for one minute after every 29 for data control purposes only. Data were stored directly to magnetic tape, allowing monitoring to proceed continuously for up to 8 hours. A complete description of the computercontrolled data acquisition system and underwater digitization and transmission system is given by Hazen et al. (1987) . Sensor outputs were converted from voltages to appropriate units using the offset and gain characteristic of each sensor.
Time-series were truncated to approximately seventeen minutes of record to ensure stationarity in this rapidly changing environment, while at the same time retaining a sufficient number of points (4096) to maintain a high degree of statistical confidence, especially with respect to the fast Fourier transforms. Statistical descriptions of the nearshore velocity and suspended sediment concentration fields and the water-surface elevation (mean, standard deviation and skewness) were computed using the BMDP 2D Statistical Analysis Program (Dixon, 1985) . Average and maximum values of both wave height and oscillatory current speed were estimated from the standard deviation of water surface elevation and velocity records respectively using the accepted conventions. Variance spectra, cross-spectra and cross-correlations were computed using the BMDP IT and 2T Time Series Analysis Programs (Dixon, 1985) . The data were demeaned using standard BMDP IT preprocessing routines and spectral estimates were obtained every 0.01 Hz from 0.0 to 2.0 Hz with a resolution bandwidth of 0.03 Hz and 70 degrees of freedom.
Sediment transport calculations
The product of the instantaneous sediment concentration and velocity measured at a point gives the local instantaneous sediment transport rate, ac. The time-average of the instantaneous products gives the local net sediment transport rate:
where n = the sample size. Assuming that the concentration and velocity at any instant in time are composed of a steady component (overbar) and an unsteady or fluctuating (') component, then:
and the local net sediment transport rate, < uc >, may also be given by: <uc> = <(~+u')(~+c')> =z~+ <~c'> + <~'c> + <u'c'> The terms <~c'>and <u'g>go to zero because by definition the time-average of the fluctuations is zero. Thus:
The term ~? is called the local mean sediment transport rate, computed as the time-averaged velocity multiplied by the time-averaged concentration. The term <u'c'> is a measure of the correlation between fluctuations in concentration and velocity (termed "flux coupling" by Jaffe et al., 1985) . Low values of this term indicate that fluctuations in concentration relative to fluctuations in velocity are random; large values indicate a large degree of temporal correlation. Jaffe et al. (1985) have already demonstrated that this term is typically non-zero in the surf zone. While this fluctuating component of sediment transport may be computed by taking the product of residuals about the mean for both concentration and velocity, a more convenient way uses cross-spectral analysis (e.g. Huntley and Hanes, 1987) . Additionally, the co-spectrum gives the cross-product between concentration and velocity as a function of frequency; this reveals the relative contributions to the rate and direction of sediment transport of oscillations at different frequencies. Integration of the co-spectrum over all frequencies and division by the number of frequency bands gives the local net oscillatory sediment transport rate, which is equivalent to the "flux coupling" term introduced by Jaffe et al. (1985) .
It is obvious from the physical size of the current and sediment concentration sensors that they cannot be perfectly collocated in space; furthermore, there are greater limitations on the electromagnetic flowmeter with respect to its proximity to the bed. A number of theories exist wh.ich could be used to predict the form of the time-averaged velocity profile (e.g. Grant and Madsen, 1979) ; however, given the large uncertainties in the bed roughness and the effects of wave, current and su,~pended sediment interactions under breaking waves, it seems more useful to discuss the results assuming a uniform current profile, and only later to examine their sensitivity to various forms of the velocity profile. In this research a first approximation to the computation of suspended sediment flux rates is made by using cross-products of the concentrations measured at each of the OBS-! P elevations (z~0.08, 0.18, and 0.28 m) and local velocities measured at the lowest current sensor elevation (z~0.20 m). When a uniform velocity profile is assumed, the vertical structure of the mean sediment transport for example, simply reflects the vertical variation of time-averaged concentrations and the magnitude and direction of the mean flow.
Storm event summary
The storm event described in this paper occurred on October 25/26, 1987 and lasted for approximately 18 h over a complete spring tidal cycle; Figure 3 illustrates the temporal variation in wind, waves, tide and wave-induced currents. Significant wave heights (Hs) increased and decreased coincident with the wind; the peak period (Tpk) however, shows a gradual increase throughout the event as energy shifted from wind-forced waves to swell. The peak of the storm coincided with low tide and wave heights exceeded 2 m at breaking with a peak period of 8 s. Maximum orbital speeds (us) reached 1.58 m s -1 and cross-shore mean currents (if) reached 0.20 m s-1 at the storm peak in the inner surf zone. Maxima in orbital speeds, onshore velocity skewness (Usk) and offshore mean flow ( Fig. 3) coincided with both the maximum incident wave and low tide (p-minimum depth) at approximately 1500 h on October 25, when wind speed reached 20 knots (10.3 m s-1). Wind speed peaked for a short time at 35 knots (18.0 m s -1) at approximately 1800 h on the same day during a rising tide; a second (smaller) peak in orbital speeds occurred at this time. During the storm maximum, breaking waves extended 60-70 m offshore, causing damage to both stations at these locations. Owing to the steepness of the nearshore slope, however, the surf zone was confined within 45 m of the shoreline for much of the storm. Figure 4 illustrates the temporal and spatial variation in both the near-bed (z ~ 0.20 m) oscillatory velocities (us) and the mean sediment concentrations (?; z~0.08 m) across the shoreface throughout the storm cycle. Orbital speeds followed a coherent pattern increasing and decreasing in phase with the storm waves as they increased in height and then decayed. Speeds were clearly depth dependent, increasing landwards from the 100 m station. The pattern of mean sediment concentrations (?) was less coherent both spatially and temporally, as might have been expected; however, increases and decreases in concentration did occur as orbital speeds increased and decreased. Unfortunately, with the exception of the 100 m station, the optical sensors at all other stations were contaminated by organics for the period 1500-1800 h inclusive, thus limiting interpretations to the period of the storm buildup and decay. Sediment concentrations recorded at the 100 m station however, indicated mean values increasing to a maximum of 2.6 g 1-1 between 1500 and 1600 h and then decreasing in phase with the near-bed orbital speeds.
Wave-induced suspended sediment transport
It is evident from previous studies that the magnitude and the direction of suspended sediment transport depends directly upon the form of the surface gravity waves and thus the character of the near-bed velocity field. Changes in surface gravity wave form occur through shoaling; a useful first approach to the examination of sediment transport is therefore to consider it in relation to changes that occur in the wave height-to-water depth ratio at a given location. Furthermore, shifts in the flow regime Richardson, 1962, 1966; Sherman and Greenwood, 1984; Greenwood and Sherman, 1986, 1988; Ollerhead and Greenwood, 1990 ) associated with the bedform response to increases or decreases in bed shear will also affect the direction and magnitude of the sediment transport (lnman and Bowen, 1963; Sleath, 1982) . The magnitude of sediment concentration at any elevation, its rate of change and the phase relationships between concentration and fluid velocity have been shown to be strongly influenced by the height and spacing (steepness) of bedforms (Osborne and Greenwood, 1992) . energy is spread across a wide frequency band, but the peak of the velocity spectrum occurs at 0.33 Hz (3 s) corresponding to the wind-driven incident waves. A minor, but statistically significant, spectral peak occurs at 0.125 Hz (8 s) corresponding to long period swell which was present prior to the wind-wave growth. Another minor peak occurs near the wind-wave harmonic at 0.75 Hz (1.3 s). In contrast, most of the variance in the concentration spectrum occurs at frequencies less than 0.1 Hz (10 s). There are no significant peaks in the concentration spectrum corresponding to either the wind-wave frequency (0.20-0.40 Hz) or the wind-wave harmonic (0.75 Hz) as might have been expected if sediment concentrations were responding to individual incident waves. These do occur under some conditions, however, as shown by .
The co-spectrum from the 0.08 m elevation exhibits peaks which correspond to both the wind wave and swell frequencies in the cross-shore velocity spectrum. In this example, the larger positive spectral densities coincident with the wind wave frequencies (0.20-0.40Hz) indicate a larger onshore transport of sediment by the wind waves thaa by the swell. The smaller but distinct negative spectral peak at frequencies <0.05 Hz indicates that offshore transport of suspended sediment is associated with low frequency waves. The cospectrum from each elevation reveals that no significant suspended sediment transport was occurring at frequencies greater than 0.5 Hz (2 s); this reflects the low velocity variance at frequencies greater than 0.5 Hz and the obvious lack of correlation between concentration fluctuations and velocity fluctuations at these frequencies. Furthermore, they reveal the rapid decrease in transport with elevation at all frequencies. Under shoaling waves oscillatory transport of suspended sediment was restricted to within short distances of the bed and dominated by an onshore flux at wind-wave frequencies (0.20 to 0.4 Hz); a distinct, but much smaller offshore transport occurred at low frequencies ( < 0.05 Hz).
Occasionally spilling breakers ( Hs/h > 0.2)
As waves increased in size and began to break, the nature of the sediment transport as revealed in the structure of the co-spectra varied considerably. For example, Fig. 5b illustrates the velocity and concentration spectra together with associated co-spectra from the 70 m station when the wave height-to-water depth ratio had increased to approximately 0.2 and waves were spilling occasionally. An order of magnitude increase in sediment concentrations occurred at all frequencies under these conditions, but once again little or no Fig. 3 . Temporal variability of: wind speed and direction at the beach face; significant wave height (H,) and peak wave period (Tpk) at the 140 m station; mean water level (p) at the 90 m station; average orbital current speed (us), cross-shore and alongshore mean flows (<u>, < v>) and cross-shore velocity skewness (Usk) at the 70 m station. structure appeared in the spectrum. It is readily apparent that the relative magnitude of the transport associated with the wind waves had increased significantly from that under non-breaking conditions (cf. Fig. 5b with Fig. 5a ). Under these nearbreaking conditions, the co-spectra from the 0.18 and 0.28 m elevations indicate onshore transport at wind wave frequencies of a magnitude similar to those from much lower elevations (0.08 m) under non-breaking conditions. The co-spectra in Fig. 5b also indicate that the transport of suspended sediment attributable to low frequencies also increased substantially; this long wave transport was now equal in magnitude to that attributable to wind waves earlier in the storm. However, in contrast to the suspended load under shoaling waves, not all of the transport attributable to low frequencies was directed offshore; positive peaks between 0.05 and 0.10 Hz appear in both cospectra from higher elevations (z ~ 0.18 and 0.28 m) indicating onshore transport at these heights above the bed. This reversal of the transport direction higher in the flow reflects important temporal and spatial interdependencies between the sediment concentration and horizontal velocity. It emphasizes the importance of phase lags introduced by the finite time necessary for sediment re-suspension at the bed and its transfer upwards into the flow (Greenwood et al., , 1991a Osborne and Greenwood, 1992) . The spectra and co-spectra observed under breaking incident waves indicate an increase in the CROSS-SHORE SEDIMENT TRANSPORT. I. A NON-BARRED SHOREFACE 1 1 effectiveness of both wind waves and low frequency waves to transport sediment in suspension. The increase in onshore transport at wind wave frequencies correlates well with the increase in velocity skewness (Fig. 3 ) observed under the highly non-lir.:ear breaking waves. The increase in offshore transport at low frequencies is restricted close to the bed (0.08 m) and reflects the strong coupling between the offshore phases of long waves and large sediment concentrations in the water column; this is associated with groupiness in the incident waves and the presence of a forced long wave (Fig. 6~see also Greenwood and Osborne, 1992; Osborne and Greenwood, 1992) .
tration at any given elevation, which may last for several tens of seconds; fluctuations associated with individual wave cycles are superimposed. Spatially coherent suspension events can be clearly identified from one l~cation to the next as groups of large waves propagate across the shoreface (Fig. 7) . Spatial ~:oherence is confirmed by crosscorrelations between both velocity and concentration measurements at each of the stations across shore ( Fig. 8 ; Table 2 ). The time lags associated 
Spatial dependeno' of wave-induced suspended sediment transport
The time-series illustrated in Fig. 7 reveal changes in both the cross-shore velocity and suspended sediment concentration across the shoreface under shoaling waves. The Hdh ratio associated with these time-series increased from 0.07 at the 100 m station to 0.14 at the 60 m station. It is readily apparent that sediment concentrations respond to both individual waves and, more importantly, to wave groups.-Sediment resuspension as a wave group passes involves a cumulative increase and then decrease in concen- Time (min.) with the maximum positive correlations compare well with the time lag for wave groups travelling between stations computed using depth-dependent phase velocities based upon shallow water linear wave theory (Table 2) .
In general, sediment concentrations tend to increase shoreward, as expected with increasing wave height-to-water depth ratios. The concentrations recorded at 90 m, however, appear somewhat larger than might be expected by the trend. This can be attributed, at least in part, to the increased sensitivity of the sensors deployed at this location to rapid fluctuations in concentration as noted earlier; however, it is not possible to totally eliminate the possibility of shifts in the relative vertical positions of adjacent sensor arrays as a result of local erosion and/or accretion.
The effects of wave shoaling are evident in the increasingly peaked crests and flattened troughs (resulting from wave skewness) and the increasing saw-toothed shape (resulting from wave asymmetry) revealed in the sequence of velocity time-series from the 100 m station to the 60 m station (Fig. 7) . These effects are also reflected in the dramatic increase in net onshore transport; compare the cospectrum from the 60 m station relative to those at the 70, 90 and 100 m stations (Fig. 9) . The onshore sediment transport rate at 60 m, for example, is of the order of twice that at 70 and 90 m. Examination of the spatial variability in the cross-shore velocity spectra (Fig. 9) indicates that the relative distribution of energy across frequency space does not change a great deal up to the point of wave breaking on this non-barred beach. There is, however, an overall increase in energy density towards shore as expected, and a slight shift of wind-wave energy towards both higher and lower frequencies. In general, the spatial pattern of sediment flux reflects increasing wave transformation landward, resulting in a shoreward increase in onshore transport at wind-wave frequencies.
Suspended sediment transport by time-averaged cross-shore currents
Visual observations indicated that rip currents (spaced approximately 20 m apart) were present in the inner surf zone by 1230 h on October 25, and these persisted throughout the storm peak. Large rips were clearly visible during a falling tide between 1400 and 1500 h, while somewhat smaller rip currents developed during the next low tide (0200-0600 h on October 26). However, it is unlikely that the rip currents extended any significant distance seaward of the fully saturated surf zone, which was in general restricted to within 45 m ef the shoreline at all times. Nevertheless, time-averaged, mean cross-shore currents of relatively large magnitude were recorded well outside this zone (Fig. 10 ) and therefore could not be attributable to a rip current origin. These timeaveraged currents measured close to the bed (0.20 m elevation) at the 45, 70, 90 and 100 m stations were all directed offshore throughout the storm, reaching a maximum of 0.20 m s-1 at the shallowest station. In general, these currents decreased in magnitude offshore and were less than 0.10 m sseaward of 60 m, except during the storm peak, when speeds reached 0.12 m s-~ at both 70 m and 90 m. The largest offshore mean current speeds coincided temporally with the peak in orbital speeds (us) and also with the minimum water depths, the latter associated with a low tide at 1500 h, October 25. In general, the mean currents exhibited a small increase in magnitude with elevation between 0.2 and 0.5 m above the bed (Fig. 10) ; however, at the 45 m station, where a tri-level (Fig. 10a,c) . This vertical stratification at 45 m reflects the landward translation of water in the upper water column due to the presence of breaking waves and an offshore current closer to the bed required to balance the shoreward mass and momentum flux at the surface. This mean flow structure is typical of a pressure gradient driven "undertow" resulting from a mean water level setup in the inner surf zone (e.g. Greenwood and Osborne, 1990a; Osborne and Greenwood, 1991); the details of the set-up driven flow at Queensland Beach are not presented in this paper. Vertical variations in the magnitude of the timeaveraged sediment concentrations are illustrated in Fig. 1 I, which documents conditions 1984, and others) . Furthermore, the mean concentrations increased consistently during the storm-wave growth coincident with increases in both the oscillatory and mean currents. Thus the mean suspended sediment transport rate also increased over time up to the storm peak; however, this transport was constrained by local patterns of the vertical distribution of both the mean current and the mean suspended sediment conccntration.
Cross-shore orbital speeds near the bed were largest at a water depth of approximately 2.75 m and decreased monotonically with increasing depth throughout the storm peak (Fig. 12) . In shallower water (0.5 to 2 m), the orbital speeds were 50 to 75% lower than the maximum, but also exhibited a similar depth dependence. The time-averaged mean cross-shore current varied with depth in a similar manner to the orbital speed, with distinct subpopulations in both deeper (> 2.75 m of water) and shallower (< 2.00 m of water); however, in this case the largest mean currents occurred in the shallower water (< 2 m of water). These patterns indicate that both orbital and mean currents are constrained by the spatial pattern of wave shoaling, breaking and reformation across the shoreface, and further imply that most wave breaking took place in water depths between 2 and 2.75 m during this storm. The time-averaged sediment concentration (<c>) and the mean ~ediment transport rate, (~('), also decreased with increasing depth in the wave shoaling region (2.75 to 5.25 m). This is only to be expected if the orbital speeds, which control sediment re-suspension to a large degree, also decrease with depth.
Net suspended sediment transport rates
It is evident from the foregoing analyses, that as incident wave energy increased and decreased so did the magnitudes of the sediment transport contributions attributable to the various frequency components in the energy spectrum, including the mean currents. However, of importance to the sediment mass balance on the shoreface is the relative contribution of these transport components to the local net suspended sediment transport rate; of special significance is the spatial and temporal variation of these discrete transport components.
Vertical structure of sediment transport in time and space
Figure 13 provides a succinct summary of the contributions to the total net suspended sediment transport rate of each of the transport components over both space and time. Conditions of both nonbreaking and breaking waves are illustrated. The mean and oscillatory sediment transport rates are plotted, together with the total net sediment transport rates computed using both the instantaneous cross-products and the sum of the mean and net oscillatory components.
Transport profiles under non-breaking waves showed invariably that only a small amount of net sediment transport was occurring, restricted to elevations close to the bed and directed consistently onshore. In Fig. 13a note the near-zero net sediment transport throughout the lower water column at the 100 m and 90 m stations, with significant net transport beginning at the 70 m station and restricted here to within 0.08 m of the bed. This indicates that an onshore transport at wind-wave frequencies, as observed in the cospectra, dominates the net suspension transport under these conditions. Transport profiles associated with waves which were breaking occasionally by spilling, show that, while the net oscillatory sediment transport was generally directed onshore, the mean sediment transport was directed offshore at all elevations (Fig. 13a , 60 m station; Fig. 13b , 1424 h). The opposing and near-equal mean and oscillatory transports often result in an approximate balance in the local net sediment transport; the vertical structure at 70 m, for example ( Fig. 13a) , was characterized by onshore, waveinduced transport at 0.08 and 0.28 m, while at mid-depth (0.18 m) the offshore transport due to mean currents dominates. In contrast, at the 90 m station, the net oscillatory transport at 0.08 m was significantly smaller than at 70 m; this combined with the effects of an offshore mean current, produced an offshore net transport. At the 0.18 m elevation, both the oscillatory and the mean transports are offshore at the 90 m station, resulting also in an offshore net sediment transport. These observations indicate that the total net transport at any elevation depends critically upon the relative magnitudes of both the net oscillatory and mean sediment transport components at that elevation; a balanced transport can therefore be achieved even when individual components are large.
Temporal variability in the net suspended sediment transport
During the early part of the storm, the net sediment transport was directed offshore at 0.18 m above the bed at all locations (Fig. 13a) , and appeared to increase in magnitude as the storm progressed (Fig. 13b) . This offshore transport was largest at the 90 m station as a result of the strong mean currents occurring at this location coupled with the relatively weak net oscillatory transport in the deeper water. In contrast, the total net sediment transport at 0.08 m was directed onshore throughout the early part of the storm at the 60 m station. In deeper water, where the oscillatory currents were weaker, the onshore and offshore components of transport were nearly in balance; once the mean sediment transport became large enough to offset the net oscillatory transport, then the offshore transport of sediment became dominant.
Unfortunately, during the period of time when wave breaking was most intense and when timeaveraged cross-shore currents were at a maximum (1500-1600 h), the 60 m sediment transport station ceased to function, and the sediment concentration measurements at other locations were contaminated by seaweed. Following the peak of the storm (1837-2355 h), the net oscillatory and mean sediment transports returned to near zero at the 70 m and 90 m stations, even though orbital velocities remained high (Us=0.2-0.5 m s-~) and sediment concentrations were still large (upto 10 g ! -~) during individual wave cycles. This somewhat truncated time-series nevertheless suggests that the greatest potential for onshore suspended sediment transport is restricted to within 0.10 m of the bed; furthermore it is largest just seaward of wave breaking, where the net oscillatory transport is largest and directed onshore as a result of the large skewness and asymmetry in the shoaling waves (cf. Doering, 1988) . On the other hand, a net offshore sediment transport dominates at those locations where the time-averaged mean currents are relatively large and where the net oscillatory transport is relatively small; at Queensland Beach this occurred between 70 and 90 m offshore, where wind ~vave oscillations were large, but still nearsymmetrical, and where the mean currents were still relatively large.
Sediment re-activation, volume flux and erosionaccretion patterns
Waves and currents during the storm event of October 25/26, 1987, caused substantial sediment re-activation at least to the seaward limit of the experimental array at Queensland Beach. The maximum depth-of-activity recorded was 0.25 m at the 60 m station (Fig. 14) ; however, re-activation in the surf zone was so large that all depth-of-activity rods were lost landward of 50 m. Indeed, the sediment transpGrt station at 60 m collapsed during the storm at least in part due to entrainment of sediment. The depth-of-activity appears to have decreased monotonically with distance offshore from approximately 0.20 m near the 70 m station to less than 0.02 m at a distance of 170 m offshore (Fig. 14) . Such a strong correlation with offshore distance is to be e~:pected as water depth changes, and has been measured previously across a shoaling slope by Greenwood and Mittler (1984, fig. 8, p. 92) .
The time-integrated patterns of erosion and accretion for this event were somewhat more complex than the pattern of depth-of-activity. In general, seaward of the 60 m station (primarily a zone of wave shoaling during this storm) the shoreface was subjected to small amounts of erosion, with not more than 0.10 m of sediment being removed from the pre-storm surface. Bed elevation change landward of 60 m, in contrast, was more substantial. Upto 0.20 m of accretion occurred in the inner part of the surf zone at its maximum extent (between 15 and 50 m offshore) and upto 0.30 m of erosion occurred on the upper foreshore (between the baseline and 15 m offshore). Beach observations during the storm confirmed this pattern: a 5 m wide bar:d of cobbles became progressively exposed by erosion of the upper foreshore at high tide during both the early part of the storm (0900-1100 h) and following the storm peak (2000-2100 h). Furthermore, current meters deployed initially at a nominal elevation of 0.20 m at the 20 and 30 m stations were almost completely buried by sediment when the lower foreshore was exposed during low tide (1500-0200 h on Oct. 26); also the current meter at the 45 m station was approximately 0.10 m closer to the bed following the storm than it was prior to the event, confirming that this amount of accretion had occurred in the area.
The time-integrated net volume flux of sediment (INVF), computed for a unit width of beach between 0 and 170 m offshore using both survey and depth-of-activity data, indicates only a small net gain of sediment of approximately 8 m a. A net gain of approximately 56 m a of sediment in the inner part of the surf zone was almost completely balanced by net sediment losses of approximately 12 m a from the upper foreshore and approximately 36 m a from the shoaling zone. It is clear that sediment from the upper foreshore was transported downslope and deposited in the inner part of the surf zone; il would appear also that sediment eroded from the shoaling wave zone was transported landward and also deposited in the surf zone (in this case the outer part). 
Discussion
The measurements and analyses documented above provide new insights into both the spatial and temporal patterns of suspended sediment transport under wave-induced currents across a non-barred shoreface during a storm event. In particular, the critical importance of both oscillatory currents of various frequencies and the timeaveraged cross-shore currents to the net suspended sediment transport has been demonstrated.
Co-spectral analyses of the near-bed, cross-shore velocity and suspended sediment concentration vectors reveal that shoaling waves produce a relatively strong onshore transport at wind-wave frequencies, which contrasts with a weaker offshore transport of sediment at frequencies lower than those of the wind-wave band. A similar pattern was suggested previously by Huntley and Hanes (1987) from a more restricted dataset. It is now clear that the sedimentary response to wave forcing depends critically upo,~ not only the instantaneous velocity associated with the large amplitude, short period wind waves, but also upon any low frequency modulation associated with wave groups. Larger onshore oscillatory currents associated with the passage of skewed, asymmetric incident waves, lead not only to the mobilization and suspension of sediment, but also to a net onshore transport Greenwood et al., , 1991 Osborne et ai., 1990) . The smaller offshore net transport associated with low frequency oscillations is due to a "flux coupling" between the offshore flow associated with the bound long wave, forced by the "groupiness" in the incident waves (Longuet-Higgins and Stewart, 1962; Wells, 1967) and the large sediment concentrations associated with re-suspension by the larger waves constituting the wave group. Doering and Bowen (1989) suggested that a large onshore transport observed at wind-wave frequencies reflects the greater ability of the onshore currents to entrain sediment than the weaker offshore currents; they further implied that most of the sediment entrained in each half-wave cycle fell out of suspension before the flow reversed. Measurements from this study, however, suggest that the latter implication is not a requirement for the co-spectral structure observed, since the minimum time required for sediment to settle from 0.08 m, for example, is on average greater than or equal to, half a wave period (assuming a still water settling velocity of approximately 2 cm s-1 for a median grain size of 0.18 mm and wave periods of 3-4 s).
Examination of vertical profiles of the components contributing to the net suspended sediment transport rates indicates that it is the "relative magnitudes" of the mean and oscillatory sediment transport, which play a critical role in the local sediment transport balance. Furthermore, suspended sediment flux shows a clear vertical stratification. The net oscillatory sediment transport is most often onshore under wave shoaling and may dominate the total net transport both near the bed and also higher in the water column; in contrast, the mean sediment transport is most frequently offshore and may dominate the sediment flux at mid-depth.
As might have been expected, the greatest potential for net suspended sediment transport coincides with the time of maximum kinetic energy input (i.e. the storm peak), when waves are breaking or near breaking over large sections of the upper shoreface. The data from this non-barred ervironment indicate that the largest net onshore transport occurs just seaward of the point of wave breaking, where the net oscillatory transport is largest and directed onshore under strongly skewed, asymmetric shoaling waves. On the other hand, net offshore sediment transport occurs in zones of relatively strong mean currents and relatively weak oscillatory currents; these occur both seaward and landward of the initial breaker line.
It is also evident from this study that while substantial amounts of sediment re-activation may occur, changes to the nearshore morphology may be relatively minor (see also Greenwood, 1987) . The observed erosion/accretion patterns suggest that the strong rip currents observed in the inner part of the surf zone ( within 45 m of the shoreline) may have been responsible for the offshore transport of material eroded from the beach face. Sediment from the upper beach face appears to have been moved downslope and deposited between 15 and 60 m offshore. A relatively strong onshore transport driven by shoaling waves during the early and late parts of the storm (as observed at 60 m in the early part of the storm) may have balanced the seaward transports from the inner surf zone, resulting in the observed accretion in the surf zone; however, accretion in this zone did not result in the development of a barred profile.
The relative importance of mean and net oscillatory sediment transport to the total net sediment transport in the shoaling zone are uncertain for the storm peak. It is possible that the net oscillatory sediment transport increased as the water depth decreased with the falling tide and as the extent of the surf zone increased. Since no substantial net change in the bed elevation occurred in this area, even though the depth-of-activity was in excess of 0.10 m, it seems possible that sediment may have been carried seaward from this area by the dominant mean currents in the early part of the storm, and later returned by onshore oscillatory transports during the storm peak. It is thus important to note that a local sediment balance over a storm event may also be achieved by temporal changes in local sediment transport rates and directions, as well as spatial changes.
Conclusions
Field measurements reveal that important contributors to the cross-shore transport of suspended sediment under combined waves and currents across a non-barred shoreface are:
(l) "quasi-steady" mean currents, with characteristics typical of a set-up driven undertow;
(2) oscillatory currents at wind-wave frequencies; (3) oscillatory currents at low frequencies outside the wind-wave band and forced by group bound long waves.
The net sediment transport rate controlling both the local sediment balance and the morphological response is a reflection of the relative magnitudes and directions of transport attributable to these components. A balanced transport state can therefore be achieved even when the individual components are large.
The sediment transport attributable to mean currents is frequently balanced by that attributable to net oscillatory currents. The net oscillatory sediment transport rate is most frequently dominated by the wind-wave component (at least outside the surf zone) and is coincident with the direction of wave propagation; in contrast, the mean sediment transport rate is predominantly downwave or offshore driven frequently by undertows.
A distinct vertical structure in the "total" net sediment transport rate is identifiable in the nearbed water column in the region of shoaling waves; this results from a time-dependency between horizontal velocity (stress) and sediment concentration which varies with elevation. A net onshore sediment transport (attributable to oscillatory currents) occurs both near the bed and higher in the water column, while a net offshore sediment transport (attributable to mean currents) dominates the middle portion of the lower water column. Thus a transport balance can be achieved through vertical integration of the transport rates throughout the lower water column. However, measurements with greater spatial resolution (of both velocity anu concentration) are required to confirm these patterns.
The notion of a balanced sediment flux across the full shoreface, resulting from interactions between the discrete components of suspended sediment transport, is supported not only by the local net sediment transport rates but also by the spatial variability in suspended sediment transport and by measured erosion and accretion patterns. The net onshore sediment transport at wind-wave frequencies was greatest just seaward of wave breaking and decreased offshore. A net offshore sediment transport occurred in areas of relatively strong mean currents and relatively weak oscillatory currents, i.e. both in the seaward part of the shoaling wave zone and landward of the point of initial wave breaking.
These conclusions suggest that sediment transport predictors based on the simple cross-products of time-averaged mean flows and mean concentrations (e.g. Dally and Dean, 1984; Deigaard et al., 1986 ) cannot be successful, at least not for the suspended load. Furthermore, even the best physically-based models for sediment transport (e.g. Bowen, 1980a; Bailard, 1981; Roelvink and Stive, 1989) which include contributions to the velocity field from both wave and current induced flows, still assume time and depth-integrated terms and therefore, will not be able to achieve more than a qualitative agreement with observed sediment behaviour. The spatial (horizontal and vertical) and temporal variations in suspended sediment transport identified by this research suggest that important fluid-sediment interactions occur close to the boundary which are critical to determining net sediment transport rates. Therefore, accurate field measurements of both the velocity and sediment concentration near the bed (within the wavecurrent boundary layer) are required to understand the flux of sediment in the near bed region.
